This study investigated the survival and catalytic potential of a single species Pseudomonas taiwanensis VLB120ΔC biofilm for the conversion of styrene to (S)-styrene oxide in a multiphasic capillary microreactor containing the highly toxic substrate styrene as a pure phase. The catalytic biofilm was cultivated under high fluidic stress in a continuous three-phase segmented flow system comprising aqueous medium, air, and styrene. This concept required an adaptation period of 7 days, during which P. taiwanensis VLB120ΔC developed a biofilm exhibiting a remarkable cellular integrity with nearly 70% intact cells. In a three-phase segmented flow biofilm microreactor, an average specific styrene epoxidation rate of 10 g/L tube /day was achieved continuously for a period of 20 days without any clogging problems. Overall, this note highlights the robustness of biofilms as a promising biocatalyst format for the conversion/synthesis of toxic organic chemicals and the applicability of multiphasic capillary microreactors for biofilm based catalysis.
Introduction
Continuous bioprocesses offer steady state conditions with constant product qualities and are cost-effective because of reduced downtimes for reactor preparation, cell growth, and cleaning. Despite these features, reported industrial whole-cell continuous processes are rare and are mainly applied in the treatment of wastewater or in the production of unstable biopharmaceuticals [1, 2] . The main issues concerning continuous operations occur from the inhomogeneity of nutrient storage and biomass accumulation, poor flexibility in handling multiple products, and high cost for process development from laboratory to technical scale [2] . In recent years, the development of miniaturization concepts has offered technological answers to overcome issues regarding nutrient inhomogeneity owing to good mixing and high mass transfer rates, reduction in costs due to the lower amount of reactants needed, and easy scale-up principles using parallelization concepts [3, 4] .
The significance of continuous-flow biocatalytic microreactors has been evaluated for both enzyme-and whole cell-based catalytic reactions [5, 6] . The key advantage of maximizing the mass transfer rate and consequently the reaction performance by the application of continuous-flow microreactors has been well demonstrated for multiphasic enzymatic reactions [6, 7] . In such multiphasic flow conditions, the chosen flow pattern defines mixing and mass transfer. In the segmented flow, the shearing motion generated from the fluid flow and the wall develops internal circulations within the segments which significantly enhance the mixing and interfacial mass transfer compared to parallel flow [8, 9] . In addition, these fluidic forces (interfacial and shear forces) have significant impact on biofilm growth and its development in microreactors [5, 10] . Biofilms are a form of whole cell biocatalysts, which have the ability to immobilize themselves on various surfaces. There have been numerous examples in the recent years, discussing biofilms as promising biocatalysts [1, [10] [11] [12] . Applying these microbial consortia in microcapillaries seemed contradictious at first glance due to clogging problems. However, it was shown that segmented flow prevented clogging and supported a compact biofilm structure characterized by a three-to fourfold increase in growth rate and a faster spatial surface coverage [5] .
In this biofilm reactor concept, the substrate styrene due to its inherent solubility in the aqueous phase (approx. 3 mM) and toxicity (log P o/w of 2.95) was delivered to the aqueous phase and to the biocatalysts via diffusion using a silicone membrane. Typically, organic compounds having logP o/w values (partition coefficient of a compound in an equimolar mixture of octanol and water) between 1 and 4 are considered to be toxic because they might interfere with the cellular membrane and disturb the physiological and functional integrity of the active cell [13] . While it was possible to grow biofilms in minimal medium under these conditions, the planktonic counterparts of Pseudomonas taiwanensis VLB120ΔC needs complex nutrients such as yeast extracts or tryptone to support growth in the presence of a second phase of styrene 1% (v/v) [14] . The most favorable option to overcome substrate solubility and toxicity issues is to apply a second organic phase which acts as a substrate carrier phase to partition the substrate concentration below the toxicity limit and to deliver it continuously [7] .
From the perspective of bioprocess development, it would be interesting to have a biocatalyst format that can tolerate a mere second phase of a pure organic substance in a defined medium to reduce the ecological and economic burden adjourned from the organic carrier phase [15] . Therefore, this study evaluated the robustness of P. taiwanensis VLB120ΔC biofilm growth and catalytic performance in a pure styrene phase. Applying confocal laser scanning microscopy, the biofilm development and tolerance to a toxic styrene phase in a three-phase (aqueous-air-organic) segmented flow were investigated. Next, by utilizing a continuous multiphasic flow concept, the robustness of P. taiwanensis VLB120ΔC catalytic biofilms for producing biologically challenging and value added compound was demonstrated.
Results and Discussion
The physiological effect of the substrate styrene on the biofilm catalyst was investigated in our previous work using confocal † † microscopy [16] . Cells in the biofilm experienced severe membrane damage upon styrene exposure through the silicone membrane but were able to adapt to the solvent over 48 h in minimal medium containing glucose as sole carbon and energy source [16] . This work here focuses on understanding the cellular response, growth, and biocatalytic performance when exposed to a pure styrene environment in a continuous-flow capillary microreactor. Overall, the work is divided in to two sections. Firstly, the biological response of the biofilm to the direct and continuous delivery of toxic styrene was investigated using CLSM, and secondly, the reaction performance was evaluated by estimating styrene conversion rates.
Experiments were conducted in a flow-tube capillary reactor setup described in Karande et al. [5] , which allowed for microscopic visualization of the biofilm catalyst. The biofilm grew inside the capillary tube in a continuous media flow constituting nutrients, while oxygen (air) was delivered in the form of immiscible segments. In these settings, P. taiwanensis VLB120ΔC formed biofilms as described in Karande et al. [5] . Briefly, a first-generation biofilm developed under single aqueous phase flow. With supplying the air segments, most of the well grown biofilm (>95%) was removed from the tube with the very first air segment. Subsequently, a compact and thin second-generation biofilm developed in the presence of air-aqueous segments ( Figure 1A ). On day 6, the biotransformation substrate styrene was introduced into the system also in the form of segments, schematically shown in Figure 3 .
In addition to being toxic, styrene segments introduced fluidic stresses adjourning from the organic-aqueous-air phases. Thereby, a part of the second generation well-developed biofilm was ripped off upon addition of the styrene segments ( Figure 1B) . However, this was a minor part 15-20% in comparison to >95% of the first Figure 1F-H) . Three plausible reasons might have attributed to the local biofilm detachment behavior upon the introduction of styrene segments, namely, shear forces generated by the three-phase segmented flow, the detrimental effect of styrene, and, finally, the increased interfacial forces resulting from the hydrophobic styrene phase. As the amount of permeabilized cells remained very low even after introducing the styrene segments, the toxic effect of styrene for the local detachment of the biofilm could be neglected. The detachment occurred very locally which means that microcolonies consisting lower adhesion forces might have been washed out.
The biofilm morphology and growth development were observed for the next 7 days. During this time period, a flat biofilm was developed (Figure 1) , which fully adapted to the fluidic and hydrophobic stresses and recovered its structure ( Figure 1J ). Our previous findings revealed that addition of solvents such as styrene stimulates and increases the EPS production in biofilms [16] . Similar findings of alteration and enhancement of EPS production was observed after chromium exposure in membrane cultivated Pseudomonas putida biofilms [17] .
As the percentage of intact gfp-expressing cells started to decrease, the amount of propidium iodide (PI)-treated permeabilized cells increased in the subsequent days after styrene addition ( Figure 2A ) and the detrimental effect of styrene was visible ( Figure 2A ). However, only 30% of the biofilm organisms still possessed an intact cell membrane after 4 days of continuous styrene exposure, while the control biofilm growing without any organic phase supplement exhibited 85% intact cells. These findings correlate well with a previously reported study where styrene was supplied via diffusion over a silicon membrane into the aqueous phase [5] . However, the impact of styrene addition was observed to be much more severe as >90% of the total biofilm cells have been reported to be severely hampered. In addition, it took more than 4 days in the segmented flow microreactor to reach the maximal degree of cell permeabilization compared to only a few hours in a single-phase flow. It seems, as if the second generation biofilm growing under constant shear stress is less susceptible to the toxic compound compared to other settings.
The biocatalytic efficiency or the product formation rate of the solvent tolerant biofilms was evaluated by determining the product formation rate in an aqueous-air-styrene segmented flow polytetrafluoroethylene (PTFE) capillary reactor ( Figure 2B ), which had the same dimensions than the glass made system for the microscopic visualization [5] . The product (S)-styrene oxide increased steadily in the organic phase starting on day 6, when supply of the styrene segments was initiated. Two periods can be differentiated. Shortly after starting the biotransformation, the reaction rate was 1.5-2 g/L tube /day, and later, it increased to 7-10 g/L tube /day ( Figure 2B ). This observation nicely correlates with the degree of biofilm permeabilization upon styrene addition ( Figure 2A ). As the biofilm recovers, the product concentration increased as well and a maximum of 70 mM (S)-styrene oxide could be accumulated corresponding to a productivity of 10 g/ L tube /day. These results underline the catalytic robustness of biofilms also under most challenging conditions.
From the biofilm reactor perspective, the development of three-phase segmented flow biofilm reactor offers several advantages such as compact reactor size, long-term biocatalyst activity and stability, and maximum utilization of catalytic surface area as the biofilm and the liquid/gaseous phases (aqueous, air, and organic) are in direct contact. Although this design is an interesting reactor concept, several challenges still exist. The residence time of 20-25 min resulted in low product titers, and approximately only 0.04% of styrene was converted to (S)-styrene oxide after each run. However, by recycling the organic styrene phase, the overall conversion was increased up to 20-fold (starting from 0.04% to 0.8%) and 70 mM (8.2 g/L) of (S)-styrene oxide was produced. Product titers (8.2 g/L org ) and productivity (~10 g/ L tube /day) achieved in this work are well comparable with other oxygenase-based biocatalytic processes [18] [19] [20] . To improve the productivity, the capillary length was shortened to 0.5 m, and the flow rates were kept constant in order to reduce the residence time. This resulted in overall improvement in volumetric productivity by 2-fold. However, no improvement in product concentration was observed (data not shown), because the system was strongly oxygen limited. Increase in air flow and consequently air segment size analog to the approach introduced in our previous work [5] could overcome oxygen limitation. Nevertheless, high flow rates would decrease the residence time again and consequently would not be beneficial in the improvement of the styrene conversion. The straightforward solution to overcome oxygen limitation is to apply segments of pure oxygen.
In conclusion, this study elucidated the response of catalytic biofilm when exposed continuously to a pure solvent phase. The biofilm grown in three-phase aqueous-air-organic segmented flow exhibited enhanced tolerance compared to their suspended counterpart [14] and also displayed stable catalytic activities for longer period of time. Overall, this biofilm reactor is a promising format to perform catalysis involving toxic and poorly water soluble compounds. (aqueous-air-organic) microsystem (▲); fraction of intact gfp-expressing cells growing in a two-phase (aqueous-air) microsystem as control (Δ). The percentages have been calculated by the volume data compared to the total biofilm volume (live and permeabilized/dead cell). B) (S)-styrene oxide production in the aqueous-air-organic segmented flow biofilm reactor. Air segments were introduced after 3 days; styrene segments were introduced after 6 days and thus started the biotransformation. Styrene was collected at the reactor outlet and recycled every day
Experimental
Pseudomonas taiwanensis VLB120ΔC and a variant synthesizing the green fluorescent protein (GFP) as fluorescent marker were used as a model biofilm-forming strain [16] . For precultures, the strains were grown overnight at 30°C (200 rpm, Multitron, Infors HT, Bottmingen, Switzerland) in lysogeny broth (LB) medium supplemented with streptomycin (100 μg/mL).
3.1. Biofilm Cultivation in the Flow-Tube and Microreactor. Details of the cultivation setup used for microscopic analysis are reported in Karande et al. [5] . The flow-tube consisted of a capillary borosilicate glass tube with an inner diameter of 2 mm and a length of 130 mm. The microreactor setup was very similar to the flow-tube. The reaction compartment consisted of a PTFE tubing of 2.15 mm inner diameter and 1000 mm length. A schematic view of both setups is shown in Figure 3 . The assembled setups were sterilized by autoclaving at 121°C for 20 min. Subsequently, the system was rinsed with M9 medium (0.5% w/v glucose) for 2 h before inoculation with an overnight culture of Pseudomonas taiwanensis VLB120ΔCegfp. During inoculation, the medium pump was stopped. After inoculation, the system was kept idle without medium supply for 2 h to enable the initial attachment of the cells to the glass substratum. Medium feed was started by a peristaltic pump (Ismatec, WertheimMondfeld, Germany) fitted with 2.06 mm inner diameter pump tubing (Ismatec Tygon MHLL, Wertheim-Mondfeld, Germany) with a flow rate of 50 μL/min. The system was operated in a single-phase mode only with medium for 3 days, and subsequently, air segments were introduced at a flow rate of 50 μL/min. Styrene segments were introduced at the end of day 5 at the flow rate of 60 μL/min. Biofilm images were obtained at regular intervals (mentioned wherever required). The operational procedure of the microreactor setup was similar to flow-tube setup as described above. The reaction compartment was placed in a thermo-water bath to maintain a reaction temperature of 30°C. The styrene phase was collected at the reactor outlet and recycled every day.
3.2. Image Acquisition and Data Treatment. Carl-Zeiss LSM5 Pascal confocal laser-scanning microscope (CLSM; Carl Zeiss, Jena, Germany) equipped with an argon and helium-neon laser was used to acquire biofilm images in situ noninvasively in real time at regular time intervals. Details of image acquisition and data treatment were described in Halan et al. [16] and Karande et al. [5] .
3.3. Sample Preparation and Analysis. Aqueous and organic phase samples were prepared according to the procedure reported in Karande et al. and were analyzed by gas chromatography (Focus GC, Thermo Electron Corporation, Dreieich, Germany) using a FactorFour VF-5 ms column (Varian Inc., Palo Alto, CA, USA). 
